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See related article on page 448. With the many advances in treatment of congenital heartdefects, including prenatal detection, improved periopera-tive management, and surgical technique, operative resultsfor most complex congenital heart lesions requiring neonatalintervention have steadily improved. Now that operativemortality is low for many lesions, the focus has shifted from
assessment of short-term results to measures of late functional outcome, including
assessment of hemodynamic and neurodevelopmental statuses. Investigators in this
field have recognized, however, that the wide range of anatomic defects treated may
have direct and indirect effects on late outcomes, making the design of experiments
aimed at evaluating specific management techniques difficult, and these studies
often require a large cohort to establish statistical power. The group of infants born
with the D-transposition of the great arteries represents a unique study cohort in that
the anatomic defect results in a predictable clinical presentation and the preoperative
and surgical management have now become standardized in most institutions. At
best, the uniformity of age, low incidence of associated important hemodynamic
defects, standardized surgical technique, and very low rate of associated noncardiac
genetic defects makes this an ideal group for both retrospective and prospective
randomized trials. Thus many clinical trials studying the effects of specific surgical
techniques, such as the use of deep hypothermic circulatory arrest,1 pH management
on bypass,2 and degree of hemodilution, have been done in this particular patient
population. Despite the apparent homogeneity of this group however, it is important
to recognize that there are a number of uncontrolled clinical variables that may
significantly affect the end points being measured. In particular, neurologic and
developmental measures determined late after surgery are likely to be greatly
affected by such factors as severe cyanosis, metabolic acidosis, and hemodynamic
instability, which may be present to varying degrees in the immediate neonatal
period before surgery. The deleterious effects of cardiopulmonary bypass and
circulatory arrest may further compound the injury imposed by these stresses.3 It is
also important to recognize that with this particular anatomic defect surgical
technique and experience of the surgeon may have an impact on hemodynamic
stability in the early postoperative period, which may add to the neurologic injury.
Therefore, although the operative technique has been standardized, the surgeon’s
“learning curve” may also adversely affect late neurodevelopmental outcomes
among these patients.4
Several methods have been developed to assess the effects of cardiac surgery on
brain function and integrity in neonates and infants. Intraoperative indices of
neurologic function have been used in pediatric and adult patients. These tests
include metabolic studies (such as measurements of cerebral oxygen consumption or
cerebral venous oxygen content), return of electroencephalographic activity after
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bypass, presence of clinical or subclinical seizures early
after surgery, and assessment of gross neurologic defects,
such as motor or sensory dysfunction and choreoathetosis.
Other than the presence of gross neurologic deficits or
clinical seizures, the significance of intraoperative measure-
ments with respect to long-term neurodevelopmental out-
come remains controversial. To more clearly assess the
impact of surgical interventions on neurodevelopmental
outcome, evaluation late after surgery is therefore neces-
sary. The complexity of assessing neurologic and develop-
mental status in young children, however, requires expertise
combined with application of a wide range of tests that are
specifically designed to evaluate motor, sensory, and cog-
nitive brain function. To fully define neurodevelopmental
outcome, investigators in the field assess a number of spe-
cific performance variables with a battery of tests that are
age specific. The goal is to assess motor skills (fine and
gross), speech, and development, including general intelli-
gence as well as language comprehension and vocabulary,
and in some studies academic achievement has also been
assessed in an effort to measure acquired skills and presum-
ably the child’s ability to learn these skills. As with all
neurodevelopmental testing, the specific tests used must be
appropriate for the age of the child, and it is generally
agreed that sensitivity and specificity of these tests are
limited in very young children and improve somewhat with
age.
Ho¨vels-Gu¨rich and associates5 used such a multidisci-
plinary approach for assessment of neurodevelopmental
outcomes late after neonatal cardiac surgery in a cohort of
60 children who had undergone a neonatal arterial switch 8
to 14 years previously. Their findings corroborate previ-
ously published studies, indicating that the incidence of
significant neurologic and developmental deficits present
among children who had undergone neonatal cardiac sur-
gery was relatively high. The severity of the defects varied
from gross motor deficits to subtle impairment of fine motor
skills and speech and language abilities. In the study of
Ho¨vels-Gu¨rich and associates,5 statistical analysis indicated
that preoperative acidosis and hypoxia, prolonged cardio-
pulmonary bypass, and postoperative hemodynamic insta-
bility were significant and independent predictive risk fac-
tors for worse outcomes. Importantly, the operative
technique included a relatively short pre–circulatory arrest
cooling period (10.8  2.7 minutes), a prolonged circula-
tory arrest period (60  3 minutes), pH-stat management,
and moderate hemodilution, with a hematocrit of 25%. In a
subgroup of the patients, low-flow bypass was used after the
circulatory arrest period and before rewarming, during com-
pletion of the repair. The circulatory arrest period was long
but relatively uniform, and the authors were unable to detect
a significant correlation between circulatory arrest time and
neurologic outcome. This latter finding is in contrast to
previous studies, in which circulatory arrest time had a
significant impact on late neurodevelopmental outcomes in
a large cohort of infants with the same diagnosis undergoing
anatomic repair of transposition.1
Although it is tempting in these studies to isolate one
parameter for analysis, such as circulatory arrest time, it is
important to delve more deeply into the details of the study
design to draw conclusions. As with all clinical studies, the
presence or absence of a correlation between a specific
intervention and outcome parameters is often determined by
the statistical power of the study design. It is usually more
difficult to definitively demonstrate a lack of correlation,
particularly in complex studies, where a number of variables
may interact. Thus the ability to detect a subtle association
between different variables is affected greatly by the cohort
size. This factor, along with the relatively narrow range of
circulatory arrest periods, may have limited the power to
identify important associations in the study by Ho¨vels-
Gu¨rich and associates.5
Another aspect that may explain the difference in find-
ings between the study of Ho¨vels-Gu¨rich and associates5
and that of the Boston Circulatory Arrest Study Group1 is
the observation that the presence of a large ventricular
septal defect (VSD) was an independent risk factor for
lower IQ scores, higher incidence of seizures, and speech
deficit in the latter study. In this study by Ho¨vels-Gu¨rich and
associates,5 very few patients had a significant VSD. Al-
though the Boston Circulatory Arrest Study Group did find
significant differences in late outcomes between low-flow
and circulatory arrest groups among infants with transposi-
tion and intact ventricular septum, the differences were
much more marked among those infants with large VSDs. It
is interesting to note that presence of a VSD was a risk
factor despite the fact that the preoperative status of these
infants was better than those with intact ventricular septum,
in that arterial oxygenation was higher and a lower percent-
age required preoperative intubation.
As more late follow-up studies are performed on children
who have undergone neonatal cardiac surgery, many of the
current controversies regarding optimal management are
likely to be resolved. However, there is general agreement
that despite the many advances in cardiopulmonary bypass,
surgical techniques, and preoperative stabilization, there is a
higher incidence of detectable neurologic deficits, including
speech and language, fine motor performance, and cognitive
skills, in young children undergoing cardiac surgery than in
the general population. Therefore it is clear that further
improvements in the surgical management of infants with
complex congenital heart defects are required, and evalua-
tion of these new techniques will likely come from prospec-
tive, randomized trials with large patient cohorts and long-
term follow-up.
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